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Abstract-The control of ion bombardment energy is ex- 
tremely important in plasma processing for ULSI device man- 
ufacturing. An advanced plasma system is proposed using en- 
ergy clean technology [l] that is capable of subtle control of ion 
impact energy under very low pressure and magnetron en- 
hancement. Careful and extensive probe measurements were 
carried out to determine the effects of magnetic field, plasma 
excitation frequency, dc-biasing of plasma confining cylinder 
(shield), dc-biasing of electrodes and secondary RF excitation 
on spatial distribution of potential. The study found that the 
substrate dc potential can be effectively controlled by dc-bias- 
ing or RF-biasing using an external dc power source or a sec- 
ondary RF excitation, respectively. As a consequence, the wafer 
surface damage induced by the high energy ions can be mini- 
mized by directly controlling the potential difference between 
plasma and substrate. The study also found that dc-biasing of 
the shield is very effective in minimizing the chamber material 
contamination, i.e., the contamination levels of both iron and 
copper atoms measured by total reflection X-ray fluorescence 
spectroscopy. 
I. INTRODUCTION 
ince the first observation of RF sputtering by Robert- S son and Clapp [2] in 1933, tremendous progress has 
been made in the field of plasma processing. Especially 
in the fabrication of VLSI and ULSI devices, replication 
of submicron patterns necessitates the use of charged par- 
ticles. However, fabrication of submicron patterns re- 
quires the process to run under very low pressure [3], e.g., 
in reactive ion etching (RIE) of high aspect ratios and step 
coverage difficulties associated with physical vapor de- 
position (PVD). Concurrently, at low pressure, plasma 
collision frequencies of charged particles arc reduced so 
that there is a higher probability of forming high energy 
particles. There have been several reports relating yields 
and device performance with plasma induced damages [4], 
[5] and contamination [6]. To alleviate such difficulties, 
plasma equipment using very high frequency (e.g., mi- 
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crowave) or magnetron discharges has been introduced in 
recent years [7], [8]. These are effective means to reduce 
the self-bias voltage significantly and thus minimize dam- 
age caused by high energy positive ions on silicon sub- 
strate [5]. Since the bombarding energy of ions across the 
sheath is determined by the time average plasma potential 
and the self-bias voltage, the precise control of both are 
extremely important. In addition, the plasma potential 
must not exceed the threshold energies (approximately 20 
eV) [9] for positive ion sputtering of chamber materials. 
Recently Ohmi et al. [ 101 demonstrated that device-grade 
sputtered epitaxial single crystal silicon can be only ob- 
tained at low temperature (250°C) when the deposited film 
is simultaneously bombarded with an optimized amount 
and energy of Argon ions. In spite of the results obtained, 
there has not been any direct measurement performed to 
determine the actual impact energy of ions. Also, only 
limited measurements of spatial distribution of potential 
have been reported in the past [ l l ] ,  [12]. 
The purpose of this paper is to present experimental 
measurements of the spatial distribution of potential de- 
termined using Langmuir probe. This paper also presents 
a dual RF excitation plasma equipment with a plasma 
confining shield, capable of subtle control of ion impact 
energy without sacrificing the cleanliness required for 
future ULSI. 
11. EXPERIMENTAL SYSTEM DESIGN 
Five major concepts consisting of environmental clean, 
energy clean, thermal clean, vibration clean and process- 
variation clean technologies constitute the ultra clean 
technology [ 11, [ 131. The primary objective was to con- 
duct a series of experiments to recognize the importance 
and demonstrate the sensitivity of energy clean technol- 
ogy. A dual RF excitation plasma sputter deposition sys- 
tem was designed and manufactured to perform quantita- 
tive analysis of discharges under the concept of ultra clean 
technology. 
The schematic diagram of experimental apparatus is de- 
picted in Fig. l .  The system is made up of a cylindrical 
stainless steel vacuum chamber of 400-mm in diameter 
and 300-mm in height and two electrodes of 100-mm in 
diameter, placed at ends of cylindrical alumina supports 
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Fig. 1. Schematic diagram of experimental apparatus. 
and installed at the center of two parallel plates. Through- 
out the study, a 4-inch Si wafer was used as a target and 
electrostatically chucked to the upper electrode. The 
chuck, composed of a MO disk and plasma sprayed 50- 
pm thick alumina, was biased to +200 V with respect to 
the target potential to hold the target. The target potential 
was controlled by another dc power supply. The electro- 
static chuck was employed in place of conventional me- 
chanical clamps to eliminate possible contamination from 
clamping parts. Two electrodes were configured 30 mm 
apart, i.e., the actual distance from the target to the sub- 
strate. The cylindrical shield of 150-mm diameter was in- 
stalled in the chamber to confine the plasma into the space 
formed by three electrodes: i.e., target, substrate and 
shield. The dc potential of the shield was controlled by 
an external dc power unit in the case of stainless steel 
shield, while the shield was allowed to float with respect 
to the RF fields. 
The system pressure was maintained by an oil-free vac- 
uum system, i.e., a combination of magnetically coupled 
Seiko H-1000 turbo molecular pump and Edwards DP-80 
dry pump at 7 mTorr for Ar flow rate of 100 sccm. A 
completely dry system facilitated a process environment 
free of adverse effects caused by hydrocarbon contami- 
nation. The process gas flow rate was regulated with a 
standard mass flow controller. Maximum conductance was 
established by an adequate clearance through chamber 
wall to accommodate the standard flange for installation 
of a H-1000 turbo pump and by the total elimination of 
restrictive parts to maximize the effective pumping speed. 
Maximum conductance allows the system to be operated 
at maximum flow rate so that effects of outgassing can be 
minimized. 
Water cooled pole magnets were placed in the upper 
electrode to obtain a magnetron discharge. Permanent 
magnets were chosen rather than electromagnetic coils 
because of their simplicity. A maximum magnetic field 
strength of 500 G was obtained at the target surface 20 
mm from the axisymmetrical center. The magnetic field 
strength, i.e., a magnetic field component parallel to the 
target, were measured using Yokogawa 3251 G meter. No 
attempt was made to optimize the configuration of mag- 
nets or to create an uniform magnetic field. 
HP 8657A signal generator and EN1 5100L RF power 
amplifier supplied RF power to cathode through 50-Q 
coaxial cable. The Bird power meters with designated ele- 
ments were connected in series with a matching box to 
monitor both the forward and reflected powers. Conven- 
tional L-type matching boxes for various frequencies were 
assembled to effectively maximize the forward power to 
the system. Representative sizes of variable capacitors and 
a coil are 50 pf and 0.45 pH, respectively for RF of 100 
MHz. 
The Langmuir probe was inserted in the chamber to 
measure the spatial potential of plasma [ 141-[17]. Simple 
probes of Tantalum tips of 0.125-mm in diameter were 
used. A 2-mm length of semicircular Tantalum wire was 
exposed to plasma at the end of Alumina tube to obtain 
high resolution (Fig. 2). The semicircular construction 
was wed since it requires a much easier assembling tech- 
nique than the conventional needle shape tips, and it pro- 
vides additional strength to maintain the direction of the 
tip. Also, the configuration similar to an emission probe 
allowed an easy measurement of resistance through the 
probe to monitor the condition of the tip during the ex- 
periment. The end of probe was connected to a low pass 
filter ensuring high RF impedance for the accurate mea- 
surement of plasma potential. A bipolar dc power unit 
(Takasago, BWS120-2.5) was connected to the probe lead 
to obtain I-V curves using a X-Y recorder (Yokogawa 
Hokushin, YEW-3025), then plotted on semi-logarithmic 
graphs to determine the plasma potential. 
The target and substrate dc potential were monitored 
through low pass filters by digital multimeters (Yoko- 
gawa, 7533-05) and checked with values obtained without 
low pass filters by an oscilloscope (Tektronix, 7104). 
111. RESULTS AND DISCUSSION 
A.  Magnetic Field Effect on Plasma Potential 
Distribution 
Fig. 3 shows the plasma potential distribution and the 
magnetic field strength in radial direction measured from 
the axi-symmetrical center, at a position 20 mm from the 
target. The horizontal component of the magnetic field, 
i.e. perpendicular to the electric field, becomes maximum 
at approximately 20 mm from the center. The electron 
temperature and the electron density distributions are 
shown in Figs. 4 and 5 for the plasma generated by 100 
MHz (50 W) RF from the target. 
Fig. 6 shows the more detail description of the plasma 
potential distribution between electrodes. The depen- 
dence of the plasma potential on the magnetic field 
strength are observed at all three positions measured be- 
tween electrodes. The representative electron density for 
the 100 MHz (60 W) plasma is 1.6 x 10" cmP3 at 5 mm 
from the target and 20 mm from the axi-symmetrical cen- 
ter. The probe measurement showed higher electron den- 
sity and electron temperature at positions closer to the RF 
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Fig. 2. Experimental arrangement for Langmuir probe. 
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Fig. 3. Plasma potential and magnetic field strength at radial positions 
without a shield for z = 20 mm from the target. Radial position is measured 
from center. Target excitation frequency is 100 MHz with RF power of 50 
W. Pressure is 7 mTorr. Substrate is grounded. 
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Fig. 4. Corresponding electron temperature and magnetic field strength at 
radial positions for plasma potential probe measurement shown in Fig. 3.  
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Fig. 5 .  Corresponding electron density and magnetic field strength at ra- 
dial positions for plasma potential probe measurement shown in Fig. 3. 
excited electrode (target), with exception of the electron 
density distribution at region of axi-symmetry . At center, 
the electron density becomes significantly low and reverse 
its trend, showing lower electron density at a position near 
the target due to the strong magnetic field (470 G) per- 
pendicular to the electrode at the center. 
In the presence of a magnetic field, the equation of mo- 
tion of a charged particle of mass m, charge e and velocity 
U ,  in an electric field E and magnetic field B ,  becomes 
[181, [191: 
d V / d t  = e / m  ( E  + v x B). (1) 
Owing to their large mass difference, only the electron 
motion is influenced by magnetic fields. Cyclotron mo- 
tion and the E x B drift of electrons enhances collisions 
among electrons and neutral species and amplifies the ion- 
ization efficiency. Race track type variations of plasma 
density can be observed for magnetron plasma equipped 
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Fig. 6. Spatial potential distribution of time-average plasma potential 
without shield. Target excitation frequency is 100 MHz with RF power of  
60 W. Substrate is grounded. 
with pole piece type permanent magnets due to the E x 
B drift of electrons. In some configurations, where the 
parallel component of the magnetic field does not form a 
closed loop in the plasma, the spatial variation of plasma 
potential may differ by as much as 100 V over 20 cm [20]. 
Termination or recombination of drifted electrons at the 
chamber wall (leaving heavy ions) causes the spatial 
plasma potential to become not only excessively high but 
non-uniform. 
In this study, initially, a large volume of space sur- 
rounding the electrodes is left vacant so that there are no 
restrictions to the horizontal movements of electrons. In 
such a configuration, the effects of the magnetic field be- 
come obvious, as shown in Fig. 3. The magnetic field, 
perpendicular to the electric field, results in a concentric 
circular drift of electrons and the plasma potential remaifis 
relatively low where B-field is strong. This shows good 
agreement with findings reported by Okano, et al .  [21]. 
They reported that the local Vd, can be lowered by 100 V 
in the presence of a moderate magnetic field (100 G) due 
to reduction of electron mobility (pI) perpendicular to the 
magnetic field. The perpendicular electron mobility (pI) 
of a weakly ionized plasma is derived from the Boltzmann 
transport equation by Krall and Trivelpiece [19]: 
C L 1  = Pii/{1 + (WC/Y>*> (2) 
where, pll = e / ( m  * Y) is the mobility in the absence of 
a magnetic field or along a field line and Y is the collision 
frequency [22]. The cyclotron frequency (w,) is propor- 
tional to a magnetic field: 
w, = e (3) B / m ,  = 1.76 X lo7 B rad/s. 
For the maximum magnetic field strength of 500 G at the 
target surface, w, becomes 8.8 X 1 O9 rad / s. At a pressure 
of 7 mTorr and an electron temperature of 4 eV, the col- 
lision frequency of electrons in argon is 4.9 x io7 s-'. 
The w,/v ratio becomes 180. Hence, the magnetic field 
reduces the electron mobility by a factor of 3.24 X lo4 at 
maximum B or 8.1 X lo3 on the average. The current 
density ( JI ) across a magnetic field, because of a perpen- 
dicular electric field E,, is 
JI = enep,EI + enipiEI 
and the electron density of a magnetron plasma is typi- 
cally an order of magnitude higher than non-magnetron 
system. Consequently, the cross field conductivity 
( .II / E L  ) of an electron is reduced by approximately three 
orders of magnitude. This means that the conductivity be- 
tween the electrode and adjacent plasma becomes very 
small, while the conductivity between the bulk of plasma 
and the surrounding chamber wall becomes large. The ef- 
fect is quite evident in Figs. 10, 14(a) and (b), where spa- 
tial plasma potential is independent of electrode bias and 
is shown to be a strong function of shield potential. 
(4) 
B. Excitation Frequency Effect 
The effect of increasing excitation frequency on plasma 
potential and the self-bias of the cathode are presented in 
Figs. 7 and 8. The self-bias significantly decreases with 
an increase in frequency up to 40 MHz, with a much more 
gradual reduction for higher frequencies. 
The effects of excitation frequency on electrical dis- 
charge is significant, e.g., frequency alters the following 
properties [23]: 
1) The spatial distribution of species and electrical 
fields across the discharge. 
2) The energies and concentrations of species as a 
function of time. 
3) The characteristic potentials and energy of ions 
striking surfaces. 
4) The electron energy distribution function. 
To establish energy clean plasma environment, the 
study first examined the effect of excitation frequency on 
the potentials and ion striking energy. In addition to con- 
duction current, described by a product of charge density 
and mobility, displacement current must be considered for 
RF discharges. Due to the capacitive nature of plasma, 
the later quantity becomes relatively larger for higher fre- 
quencies. Total current density can be written as 
J = (en,p, + j w e , ) E  (5 )  
Hence, for the constant power system, the current density 
increases with increase in excitation frequency and simul- 
taneous reduction in RF voltage. 
Network theory [24] gives the plasma impedance of the 
system under study. The determination of plasma imped- 
ance requires following steps: 
1) Measure the residual impedance ( Z , )  from the 
matching box through the copper conduct (6-mm in di- 
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Fig. 7 .  Self-bias voltage ( Vdc) of the target and plasma potential ( V,,) for 
frequencies from 10 to 215 MHz at r = 20 mrn and z = 15 mm with 
grounded shield. Constant RF power of 100 W is applied to target. Differ- 
ence ( V ,  - Vdc) determines ion impact energy. Shield is grounded. 
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Fig. 8. Logarithmic plot of self-bias voltage ( Vdc) of the target depen- 
dency on frequency for target self-bias shown in Fig. 7 .  
ameter) to the target for specific frequencies using a net- 
work analyzer. 
2) Determine the system impedance (Z,) from match- 
ing box without a discharge under vacuum using network 
theory and subtracting ZR. 
3) Determine the total load impedance (Z,) with a dis- 
charge using network theory. 
4) Subtract ZR and Z, from ZL to obtain a net change 
(Z,) in load impedance. 
For 100-MHz (100 W) RF discharge, the values for Z,, 
Z, and Z, are +j  134.8 Q ,  -j50.0 Q and 13.2 + j95.9 Q ,  
respectively. Assuming that system impedance exists in 
parallel with plasma, Z, becomes 145.2 - j270.3. The 
definition of plasma impedance can be argumentative. 
However, in this study, the simple impedance of single 
resistance and capacitance in series is used to represent 
the plasma impedance, i.e., equivalent to Z, and ZL in 
parallel. Then, the corresponding plasma impedance for 
100-MHz (100 W) Ar plasma becomes 11.3 - j38.9 Q .  
Figure 9 shows the dependence of RF voltage calcu- 
lated from the average plasma potential and self-bias volt- 
age on excitation frequency. The RF amplitude ( VRF ) at 
cathode sheath is estimated from the well-known expres- 
sion [25] for the time average plasma potential ( Vplasma): 
(6) 
where, V,, is the self-bias of cathode and the VRF is lin- 
early proportional to the inverse of square root of fre- 
quency: 
VpiaSma = 1 /2 ( VRF + v d c )  
or 
vRF = {power/j(w * c ) } ’ . ~  (8) 
where C is an equivalent capacitance through plasma. The 
data show a good correlation of VRF and plasma excitation 
frequency. Data of Vplasma nd V,, against excitation fre- 
quency (Fig. 7) show more significant effects. The differ- 
ence in time average plasma potential and self-bias volt- 
age, i.e., driving force of striking ions, decreases 
exponentially with frequency, whereas plasma potential 
remains relatively constant over the range of the frequen- 
cies investigated. Consequently, the ion bombarding en- 
ergy is strongly influenced by Vplasma for RF of 50 MHz 
or above. In high frequency plasma, since ions require 
several RF cycles to transverse the sheath, the energy of 
ions becomes uniform compared to discharges at lower 
frequency. The effects of frequency on ion energy are 
given experimentally [26] and theoretically [27]. Accord- 
ing to Holber [28], a single peak ion energy distribution 
is obtained for RF biasing using 4 MHz or above instead 
of saddle shape at lower frequency in the microwave Ar 
(1 mTorr) plasma. From the Maxwell-Boltzmann distri- 
bution, the floating potential ( V f )  is defined for given 
electron temperature ( KT, )  [29]: 
(9) 
Since the right side of the equation depends only on the 
ionized species, the difference of Vplasma nd Vf is propor- 
tional to KT,. The small potential difference means that 
for a Maxwell-Boltzmann distribution a majority of elec- 
Vplasma - Vf = ~T, /2e  In ( m ; / 2 . 3 ~ , ) .  
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trons in the flow region have energies close to plasma (av- 
erage) and consequently, gives a sharp energy distribu- 
tion. Since the presence of high energy ions can cause 
catastrophic effects in critical plasma processes for semi- 
conductor devices, the electron temperature should be as 
low as possible for a purpose of reducing the probability 
of exposing the substrate to ions with substantially higher 
than the mean energy ions. As already mentioned, the ion 
bombardment energy can be significantly reduced by in- 
creasing the excitation frequency, however, the wave 
length of RF must be substantially longer than the char- 
acteristic dimensions to avoid the effects of standing wave 
so that RF should not exceed a few hundred megahertz. 
C. Effect of DC-Biased Shield 
Fig. 10 shows the relationship of self-bias voltage and 
plasma potential to the shield dc voltage. When the shield 
is biased positively, both self-bias voltage of target and 
substrate increase monotonically. However, the plasma 
potential is uniquely affected by the shield dc potential 
when the shield is biased slightly negatively. For shield 
biases ( Vshield) of - 15 < VshIeld < 0 V, the plasma po- 
tential becomes extremely low (approximately -5 V). In- 
teresting, further reduction in the shield bias results in 
higher plasma potential. The observation of the RF am- 
plitude of the cathode reveals that whenever the plasma 
potential shifts from low to high in the negatively biased 
shield region, the RF amplitude ( Vpp) increases from ap- 
proximately 60 to 150 V. 
Fig. 11 shows the Langmuir probe trace for the shield 
bias of - 5  V. The floating potential becomes signifi- 
cantly lower than the floating potential measured for 
grounded (0 V) shield, i.e., -27.8 V and -9.0 V, re- 
spectively. 
According to Sekiguchi [ 171, many of the phenomena 
associated with magnetron discharge can be explained by 
combinations of following four fundamental motions and/ 
or force: 1) cyclotron motion, 2) E x B drift motion, 3) 
ponder-motive force, i.e., the force acting on a dielectric 
(plasma) in a parallel-plate capacitor when the electric 
field exists between the plates [30], and 4) magnetic mir- 
ror effect. What will determine the plasma potential? The 
plasma potential is, of course, the time dependent poten- 
tial of plasma from the reference (usually the ground), 
and given by Poisson’s equation ( d E / d x  = e / e ( n l  - 
n , ) } .  Its physical meaning is how many more charged 
particles are present in excess at plasma sheath. Due to 
their mass difference (e.g., Ar+ massle- mass = 7.3 x 
lo4), electrons’ motion is influenced by both high fre- 
quency electric field and magnetic field. With no mag- 
netic field, electrons’ motion follows the electric field and 
rapidly recombine at the chamber wall or at electrodes 
leaving positively charged ions. However, as previously 
discussed, presence of magnetic field causes the electrons 
to follow more complex path. Especially, when E x B 
drift of electrons form a closed loop in the plasma, elec- 
trons are effectively confine to increase relative electron 
density over surfounding plasma to lower its potential. 
-30 ‘ O H  1 
- 4 0 ‘  I 
-40 -30 -20 -10 0 10 20 30 40 
Shield Bias (Volt) 
Fig. 10. Effects of shield dc-biasing on target and substrate self-biases and 
plasma potential at r = 20 mm and z = 15 mm. 
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Fig. 1 1 .  I-V plot for Langmuir probe trace for 100 MHz (100 W) plasma. 
Pressure is 7 mTorr. Intersect of two tangent lines indicates average plasma 
potential. 
Then, how much force do electrons receive in radial 
direction, which cause electrons to drift and recombine at 
chamber wall? In magnetron discharge, the electron den- 
sity is sufficiently high so that the dielectric constant of 
plasma (e = E, - n e 2 / m u 2 )  becomes less than that of a 
vacuum (E,). Hence, the ponder-motive force becomes 
negligible. A review of the magnetic field effect reveals 
that electrons receive force in the radial direction due to 
the non-uniformity of the magnetic field. As an electron 
moves from the pole-center to the region of strong mag- 
netic fields, the electron’s velocity component in the hor- 
izontal direction along B decreases. However, the same 
velocity component increases from the region of maxi- 
mum magnetic field to a weaker field. The change in hor- 
izontal velocity is estimated for the experimental condi- 
tions and is equivalent to approximately 10% of the 
electron temperature or < 1 .O eV for the change in mag- 
- 
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netic field strength from 350 to 0 G. In addition to the 
magnetic mirror effect, a static field induced by E X B 
drift must be accounted for. Fig. 3 shows the static field 
of 1 V/cm from r = 2 cm to r = 8 cm. Thus, the net 
force induced by magnetic field on electrons in radial di- 
rection is order of several eV. 
For purposes of effectively confining electrons within 
electrodes' gap, a cylindrical shield is placed and biased 
with an external dc power source. Also, the shield is al- 
lowed to float with RF so that the net instantaneous elec- 
tric field between the cathode and the shield is minimized. 
With a shield voltage of -5 V, the peak-to-peak voltages 
of the target and shield become 60 and 35 V ,  respectively. 
Hence the electrical force applied to electrons between 
two electrodes (target and shield) is substantially reduced 
in comparison with a conventional system, in which elec- 
trons see the RF grounded chamber wall as the opposing 
electrode. 
Fig. 12(a) and (b) show plasma potential in radial and 
vertical directions when the shield bias is maintained at 
-5  V. The plasma potential remains low (approximately 
-5 V) till reaches the edge of electrodes ( r  = 50 mm) 
and becomes significantly higher for plasma outside the 
shield. Since the probe is introduced in the shield through 
a hole, 8-mm wide and 35-mm long, a gradual increase 
in plasma potential is observed near the shield. When the 
average potential becomes close to the shield potential, 
there is no sheath formed at the inner surface of the shield 
so that sputtering of shield should be reduced. 
The effectiveness of the shield electrode in controlling 
the chamber material contamination is investigated in two 
sputtering units of identical hardware configuration as de- 
scribed in Fig. l .  The systems are equipped with two dif- 
ferent RF as the main excitation frequency, i.e., 100 MHz 
and 13.56 MHz. The iron and copper intensities is mea- 
sured subsequent to exposing the Si wafer in the plasma 
at various shield dc potential by the total reflection X-ray 
fluorescence spectroscopy. The results are shown in Fig. 
13(a) and (b) for 100 MHz and 13.56 MHz plasma, re- 
spectively. In both cases, the copper intensity becomes 
significantly high when the shield is biased at + 20 V .  The 
reason is that when the plasma potential is excessively 
high, the outer chamber wall, including copper gaskets, 
are sputtered and the substrate becomes contaminated. On 
the other hand, when the shield is substantially biased 
negatively, the shield material becomes subject to the high 
energy ion sputtering as indicated by high iron atom in- 
tensity. For the excitation RF of 100 MHz (200 W), the 
metal (Fe) concentration becomes minimum at the shield 
bias of - 10 V. Similarly, the shield bias of +5 V gives 
minimum contamination level for the 13.56 MHz (100 W) 
plasma, showing that the chamber material contamination 
can be effectively controlled by the dc biased shield. 
D. Effects of DC Biased Electrodes on Plasma Potential 
The plasma potentials in the vertical direction perpen- 
dicular to the electrodes are shown in Fig 14(a) and (b) 
for various dc biases at the electrodes. The results indi- 
40 1 
1 I7 
Shield Position 
-10 '  ' ' ' ' ' ' ' ' 
0 10 20 30 40 50 60 70 80 90 100 
Radial Position (mm) 
(a) 
E 20 1 Electrode Distance = 30 mm 
: j  2 -40 
0 5 10 15 20 25 30 
Target Vertical Position (mm) Substrate 
(b) 
Fig. 12. (a) Plasma potential in radial direction for shield bias at -5  V .  
Probe is inserted through an opening, which causes apparent plasma po- 
tential to increase near shield. Axial position ( z )  is 15 mm from the target. 
Excitation frequency is 100 MHz (100 W). Pressure is 7 mTorr. (b) Self 
bias voltage of electrodes and plasma potential in vertical direction for 
shield bias at -5 V.  Radial position ( r )  is 20 mm from axi-symmetncal 
center. Target excitatibn frequency is 100 Mhz (100 W). Pressure is 7 
rbTorr. 
cate that dc-biasing of the electrode does not alter the cross 
field potential by any significance nor does It change the 
floating potential of the confrontihg electrode. The results 
are particularly important for plasma processing of a con- 
ductive substrate, Le., the ion bombardment energy can 
be precisely controlled by dc-biasing. 
E. Effects of Secondary Excitation RF 
Fig. 15 shows the effects of secondary RF (177 MHz) 
excitation of the substrate, which increase the potential 
difference between the average plasma potential near the 
substrate and the substrate self-bias. As shown, the po- 
tential difference across the substrate sheath increases by 
11.5 V. 
Fig. 16 shows the effect of secondary RF power on self- 
bias of the target and substrate for the secondary excita- 
tion frequencies of 30, 40, and 50 MHz. In this experi- 
ment, the plasma generating RF (100 MHz) power is ap- 
plied to the target, and the secondary RF is used for RF- 
biasing of the substrate. 
Sputtering of dielectric materials by high frequency dis- 
charge has been employed as a film deposition technique 
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Fig. 13. (a) X-ray intensity of iron and copper atoms present in substrate 
surface measured by total reflection X-ray fluorescence spectroscopy after 
exposure to 100 MHz plasma. Detection limit corresponds to approxi- 
mately 10" atoms/cm2. (b) X-ray intensity of iron and copper atoms pres- 
ent in substrate surface measured by total reflection X-ray fluorescence 
spectroscopy after exposure to 13.56-MHz plasma. 
since the early Sixties [31]-[33]. To improve the film 
quality and step coverage, the amount of ion bombard- 
ment on the film deposited should be precisely controlled 
Since the ion impact energy ( VPIa,,, - Vdc) and the RF 
amplitude can be controlled by altering the excitation fre- 
quencies (Figs. 7 and 16), the single hardware configu- 
ration can be applicable to all three kinds of plasma pro- 
cessing, i.e., RIE, PVD, and CVD [36]. For instance, 
sputtering of dielectric films may require a relatively low 
frequency, e.g., 13.56 MHz, at the target electrode to at- 
tain an adequate sputter rate and the higher frequency (30 - 50 MHz) for the substrate RF-biasing to control the 
quality of the film being deposited. On the other hand, 
reactive ion etching of critical films require a low power, 
low self-bias and relatively lower frequency (10 - 50 
MHz) at the substrate electrode and the higher frequency 
(> 100 MHz) as a plasma generating RF. 
In order to achieve independent control of plasma den- 
sity and ion bombardment energy, the RF-biasing power 
W I ,  Wl. 
30 I I 
Target RF - 1 0 0  M H z ( 1 0 0  W )  
2 0 1  P = 7 mTorr 
-10 
- 20 l t  
8 Vs t7.2 V IFloat.1 
8 Vs = -5.0 V 
e vs * eo .0  v 
-A- vs . .10.0 v 
+ vs * -10.0 v 
-+ vs . -20.0 v 
vs Substrate DC Potential 
0 5 10 15 20 25  30 
Vertical Position (rnm) 
-30 
Substrate Target 
(a) 
40 
20  
0 
- 2 0  
- 40 
- 1 0 0  :::y VI - Target DC Potential 4 Vt . .20.0 v 4 VI  - -28.8 VIFloat.) 
8 V I  - -50.0 V 
8 V I  . -100. v 
- 1 2 0 '  I 
0 5 10 15 20  25 30 
Vertical Position (rnrn) Substrate Target 
(b) 
Fig. 14. (a) Effects of substrate dc-biasing on plasma potential at r = 20 
mm and target self-bias voltage. Target RF is 100 MHz (100 W) and pres- 
sure is 7 mTorr. Shield is grounded. (b) Effects of target dc-biasing on 
plasma potential at r = 20 mm and substrate self-bias voltage. Target RF 
is 100 MHz (100 W) and pressure is 7 mTorr. Shield is grounded. 
30 r 
- 
c -''I ,,/ P = 7 mTorr 
Electrode Distance - 30 mm a - 2 0  
should be much lower than the plasma generating power 
to avoid excessive power input from the RF-biasing field. 
In the critical plasma processing, the utilization of low 
energy ions is extremely important to obtain the best re- 
sults on the substrate: For instance, if an optimum process 
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Fig. 16. Effects of secondary RF power on self-bias voltages of target and 
substrate. Data is obtained without shield. 
2) In the capacitively coupled plasma, the self-bias 
voltage of the cathode decreases exponentially as the ex- 
citation frequency is increased, thus reducing the ion 
bombardment energy. 
3) In the plasma of an extremely high RF (lo8 Hz), the 
chamber material contamination is minimized when the 
shield is biased at -10 V. In 13.56-MHz plasma, the 
minimum contamination is observed at the shield bias of 
+5 v .  
4) DC biasing of target or substrate does not alter the 
spatial distribution of the plasma potential or does not af- 
fect the self-bias voltage of the opposing electrode. 
5 )  In the dual excitation plasma, the self-biases of tar- 
get and substrate can be effectively decoupled using ap- 
propriate excitation frequencies for plasma generating and 
RF-biasing electrodes. 
I 
Shield Bias = -5 Volt 
Pressure = 7 mTorr 
20 ~ 
-30 Volt RF Biasing 
10 20 30 40 50 60 70 80 90 100 
Excitation Frequency (MHz) 
Fig. 17. Substrate RF power required to achieve substrate RF-biasing of 
-30 V .  Plasma generating target RF is 100 MHz (150 W). Shield voltage 
is -5  V .  
requires the substrate self-bias of -30 eV, the RF power 
required for RF-biasing (for the condition shown in Fig. 
16) can be plotted against the frequency (Fig. 17). The 
extrapolation of RF power dependence on secondary RF 
frequency shows that at very low excitation frequency 
(< 10 MHz), the accurate control of the substrate self- 
bias becomes difficult. 
The concept of dual excitation plasma has been intro- 
duced in the past [37], [38]. However, as shown in Fig. 
17, RF-biasing using relatively low frequency (e.g., 13.56 
MHz) for a dual RF excitation system may not be suitable 
for accurate control of ion bombardment energy at low 
energy regime. 
IV. CONCLUSION 
Advanced plasma processing equipment for critical 
plasma processing has been assembled and demonstrated. 
The results are summarized next. 
1) The spatial potential distribution of a Ar plasma in 
the parallel plate type equipment was measured and 
showed that the plasma potential becomes relatively low 
where the magnetic field strength becomes strong and the 
E x B drift forms a closed loop in the plasma. 
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